Abstract Historically, sodium azide has been used to anesthetize the nematode Caenorhabditis elegans; however, the mechanism by which it survives this exposure is not understood. In this study, we report that exposure of wild-type C elegans to 10 mM sodium azide for up to 90 minutes confers thermotolerance (defined as significantly increased survival probability [SP] at 37ЊC) on the animal. In addition, sodium dodecyl sulfate-polyacrylamide gel electrophoresis revealed enhanced Hsp70 expression, whereas Western blot analysis revealed the induction of Hsp16. We also tested the only known C elegans Hsp mutant daf-21 (codes for Hsp90), which constitutively enters the stress-resistant state known as the dauer larvae. Daf-21 mutants also acquire sodium azide-induced thermotolerance, whereas 3 non-Hsp, constitutive dauer-forming mutants exhibited a variable response to azide exposure. We conclude that the ability of C elegans to survive exposure to azide is associated with the induction of at least 2 stress proteins.
INTRODUCTION
Caenorhabditis elegans is a free-living soil nematode, which is used as a model biological system to investigate issues in genetics, developmental, cellular, and molecular biology (Brenner 1974) . In addition, C elegans has served as a model organism for various toxicological studies (for examples, see Williams and Dusenberry 1988; Stringham and Candido 1994; Candido and Jones 1996; Tatara et al 1997; Power and de Pomerai 1999; Dhawan et al 2000; Williams et al 2000; Hoss et al 2001) . One interesting, but overlooked, fact concerning C elegans biology is that it can be anesthetized with 10 mM (0.7%) sodium azide (Sulston and Hodgkin 1988) . The fact that sodium azide inhibits both cytochrome c oxidase (Duncan and Mackler 1966) and adenosine triphosphate (ATP) synthase (Herweijer et al 1985; Van der Bend et al 1985) makes the ability of C elegans to survive this chemically induced hypoxic state quite remarkable. Although other anesthetics have been tested (for examples see Kayser et al 1998; van Swinderen et al 1998) , the question of the mechanism by which C elegans survives azide exposure remains unanswered.
The response to environmental stress, including energy-related stress, has been extensively studied (Morimoto et al 1997; Moseley 1997; Nollen and Morimoto 2002) . A common feature of the stress response is the induction of stress proteins, which were first discovered in cells exposed to slight hyperthermia (Ritossa 1962 (Ritossa , 1996 Tissieres et al 1974; see Gabai and Sherman 2002 for review) . The presence of these proteins confers resistance to further stresses such as additional hyperthermia (Li and Werb 1982) ; although, experiments with Drosophila melanogaster demonstrate that the induction of Hsp70 by hyperthermia is neither uniform nor without cost to the organism Feder 1997a, 1997b) . Of particular interest to our laboratory is the fact that ischemic stress can induce stress proteins (Myrmel et al 1994) . Sodium azide is capable of inducing thermotolerance in C elegans. Control N2s (wild-type strain) were exposed to 37ЊC for 2 hours, whereas the 33ЊC and 10 mM sodium azide N2s were pretreated for 1 hour and then allowed to recover for 4 hours before exposure to 37ЊC. All animals were exposed to the elevated temperatures simultaneously. Animals receiving a 50 or 100 mM sodium azide pretreatment did not survive that treatment. Statistical analysis (ANOVA) of the data indicates that the differences between N2 controls and each pretreatment give values of P Ͻ 0.01. Nematode strains N2 Bristol (wild-type strain) and the constitutive dauer-forming strains described in Table 1 (DR77 [daf -14] , DR62 [daf-7] , and DR1564 [daf-2]) were obtained from the Caenorhabditis Genetics Center at the University of Minnesota. Nematodes were grown using standard culture methods (see Lewis and Fleming 1995) and were harvested by the sucrose flotation method (Sulston and Hodgkin 1988) . Three nematode growth media (NGM) petri dishes without a bacterial lawn were prepared, and asynchronous populations of approximately 200-300 N2 animals were placed on each plate. The control plate received no pretreatment and remained at 22ЊC during the exposure period. The thermal pretreated nematodes received a 1-hour exposure to 33ЊC in a Chicago Surgical and Electrical Company incubator. The azide pretreatment plates received a 1-hour exposure to sodium azide (Sigma, St Louis, MO, USA) at the following concentrations: 10, 20, 50, and 100 mM. Azide plates were always prepared on the day of the experiment by dilution of a 200 mM sodium azide stock solution into liquid NGM before solidification. After pretreatment, azide-exposed nematodes were harvested and washed 3 times before being transferred to clean NGM plates. The thermal pretreated and azide-exposed nematodes were given a 4-hour recovery at 22ЊC. Examination of pretreated plates revealed actively migrating nematodes for the 33ЊC and 10 and 20 mM azidetreated animals. Control, 33ЊC, and azide-exposed plates were heat shocked simultaneously at 37ЊC for 2 hours and then allowed to recover for a minimum of 18 hours at 22ЊC. After recovery from heat shock, the survivability of animals was assessed. A small drop of water was placed on each petri dish, allowing surviving animals to float in water and begin moving. Actively swimming animals were scored as living, whereas stiff, nonmoving animals were scored as dead. It was observed that the animals that were not moving at 18-hour post-37ЊC exposure never regained motility, never reproduced, did not respond to touch, and as such, were presumed dead. Animals were counted on a grid system using a Nikon Stereo Zoom Dissecting Microscope. Survival probability (SP) values were calculated for each plate (SP ϭ total living animals/total animals in experiment). We found that temperature regulation by the incubator is critical for the 37ЊC exposure, with an increase of 1.5ЊC resulting ← in a SP of 0 and a decrease of 1.5ЊC resulting in a SP of 1.0. A minimum of 3 trials were performed, with the total number of animals examined for each experimental group ranging between 600 and 1000.
Two factors make C elegans an excellent model for studying the linkage between disruption of energy metabolism and stress protein induction: first, the ability of C elegans to survive chemically induced hypoxia; and second, the availability of a variety of mutant strains of this organism, at least 1 of which involves a mutation to a hsp gene. Regarding stress response studies with C elegans, its response to stresses such as chemically induced hypoxia has not been fully characterized. Snutch and Baillie (1983) demonstrated that exposure of C elegans to elevated temperatures leads to the induction of several heat-inducible proteins. However, the majority of C elegans stress response research has focused on the formation of the highly stress-resistant dauer larval state (for examples, see Wadsworth and Riddle 1989; Riddle and Albert 1997; Braeckman et al 2000) .
We hypothesized that disruption of energy metabolism by azide induces a stress response in C elegans and that this response would be characterized at the organismal level by the development of thermotolerance. Furthermore, we hypothesized that this thermotolerant state could be correlated with the induction of stress proteins. To test these hypotheses, we pretreated populations of wild-type nematodes by exposing them either to sodium azide or to a slight thermal stress. We then compared survival of these pretreated populations after exposure to a high-temperature stress (37ЊC) with the survival of unexposed control populations after the same high-temperature stress and demonstrated that sodium azide exposure leads to the acquisition of thermotolerance and is associated with Hsp70 and Hsp16 induction.
RESULTS

Exposure to sodium azide induces thermotolerance in C elegans
To test the hypothesis that sodium azide exposure would induce thermotolerance in C elegans, N2 Bristol (wild type) animals were exposed to several concentrations of sodium azide: 10 mM (the concentration normally used as an anesthetic [Sulston and Hodgkin 1988] ), 20, 50, and 100 mM for 60 minutes. The results of 3 independent trials are shown in Figure 1 . Control nematodes, which received no pretreatments, as expected, had a very low SP: 0.07 Ϯ 0.01 (all data presented as the mean Ϯ standard error of the mean) at 37ЊC. However, nematodes exposed to either pretreatment demonstrated significantly in-creased SPs at 37ЊC: 0.91 Ϯ 0.04 (33ЊC) and 0.68 Ϯ 0.06 (10 mM sodium azide), P Ͻ 0.01 for both pretreatments when compared with the control. Exposure to sodium azide concentrations greater than 20 mM, or for longer than 90 minutes, proved lethal. A concentration response study, using sodium azide concentrations from 2.5 to 20 mM in 2.5 mM increments, indicated that 10 mM sodium azide produced maximal SP (data not shown). These results demonstrate that low concentrations of sodium azide induce thermotolerance in C elegans.
Heat shock proteins in C elegans are induced with heat or azide exposure
The next question we addressed was whether exposure of C elegans to sodium azide induced heat shock proteins. Using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis, we observed induction of Hsp70 and Hsp16 (Fig 2 A,B) . In the thermal pretreated animals, SDS-PAGE analysis showed significant induction of Hsp70, which is consistent with the observations of Snutch and Baillie (1983) and Snutch et al (1988) . In addition, the azide-exposed animals induced Hsp70 but to a much smaller extent.
Quantitative densitometry-using total cellular actin as the internal standard-performed on Laemmli gel samples indicated a 2.6-fold (Ϯ0.2) increase in the Hsp70 in 33ЊC pretreated animals. Induction of Hsp70 with azide exposure was lower with a 1.4-fold (Ϯ0.1) increase (P Ͻ 0.01). These results indicate that both stressors induce Hsp70, but the degree of the response is different. SDS-PAGE did not reveal induction of any other heat shock proteins including Hsp90, Hsp60, or Hsp16. As such, Western blots were used to assay for the induction of these Hsps. Using commercial antibodies against Hsp90 and Hsp60, only constitutive expression was observed, whereas Hsp16 is induced after exposure to the different stressors (Fig 2B) . Although expression of Hsp16 in these animals was lower in azide-exposed animals-consistent with the Hsp70 results-induction still occurred when compared with the control population (Fig 2B) .
A time course experiment was performed to assess Hsp16 induction after azide exposure. Samples were collected after 0, 1, 2, 3, and 4 hours of recovery after a 1-hour exposure to 10 mM azide. The data indicate that detectable levels of Hsp16 expression did not occur until 3-4 hours after azide exposure (Fig 2C) .
The role of Hsp90 in the acquisition of thermotolerance
Currently, although there are many thousands of C elegans mutants, there is only 1 nonlethal stress protein mutant of C elegans. The mutant gene daf-21 (strain JT6130) encodes Hsp90 and has been characterized as a conserved glutamate → lysine substitution in the primary sequence (Birnby et al 2000) . Although our data demonstrate that Hsp90 is not induced, because this animal is expressing a mutant Hsp90, we examined this strain's ability to undergo sodium azide-induced thermotolerance.
JT6130 grown at the restrictive temperature of 25ЊC and then exposed directly to 37ЊC demonstrate a slightly higher, but statistically insignificant, SP than do N2 controls. JT6130 exposed to 10 mM sodium azide had a slight increase in thermotolerance when compared with their untreated controls and a statistically insignificant decrease in thermotolerance when compared with the N2 controls treated similarly (Fig 3) . The JT6130 data suggest that Hsp90 does not play an essential role in response of C elegans to exposure to sodium azide.
Testing of other dauer mutants
The dauer larval state in C elegans represents a strong organismal response to severe external conditions and is characterized by the arrest of growth at the third larval stage, cessation of pharyngeal pumping, the development of a very thick cuticle, and significantly increased life span (see Riddle 1988; Riddle and Albert 1997 for review). Interestingly, Golden and Riddle (1984) reported that elevated temperatures can induce dauer formation. Given these facts, we were concerned that the daf-21 results might result from the dauer state itself and not from the Hsp90 mutation. Therefore, we tested other dauerforming mutants for their ability to acquire azide-induced thermotolerance. Given the diversity of genes involved in the dauer larvae formation pathway (Riddle and Albert 1997), we tested 3 other known mutants: daf-2, daf-7, and daf-14 that are involved in signaling pathways and lead to constitutive entry into the dauer state at 25ЊC.
The results of these studies are summarized in Table 1 and indicate that there is a considerable variation in the ability of different dauer mutants to respond to azide exposure. DR62 (daf-7, encoding a transforming growth factor-␤ receptor [Schackwitz et al 1996] ) grown at the restrictive temperature had a highly variable response. Animals grown at 25ЊC and exposed directly to 37ЊC were generally unable to survive the heat shock. In contrast, however, DR62s exposed to sodium azide acquired thermotolerance when compared with untreated DR62 and the N2 controls (P Ͻ 0.01).
DR77 (daf-14, encoding a Smad protein [Inoue and Thomas 2000] ) responded significantly differently. DR77 grown at the restrictive temperature and exposed directly to 37ЊC demonstrated a high level of intrinsic thermotolerance when compared with the N2 controls (P Ͻ 0.01), whereas their counterparts exposed to azide had slightly increased thermotolerance when compared with untreat- Polyacrylamide gels (7.5% and 12.5%) with 3.6% stacking gels were prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (as described by Laemmli [1970] ) and Western blotting. (A) Laemmli gel (7.5%). Three myofibrillar proteins, actin, paramyosin, and myosin, are identified for reference as per Schachat et al (1978) and Mackenzie and Epstein (1980) . In the 33ЊC lane, there is significant induction of a protein consistent with the size of Hsp70, as evidenced by the bovine serum albumin (66 kDa) standard. Quantitative densitometry indicates a 2.6-fold (Ϯ0.2) increase in Hsp70 levels after this treatment. C elegans exposed to 10 mM sodium azide had a smaller (1.4-fold [Ϯ0.1]) increase in Hsp70 levels. Con ϭ controls; 33 ϭ 33ЊC pretreatment; Az ϭ 10 mM sodium azide pretreatment, and n ϭ 2. (B) Western blots of heat shock proteins demonstrate that Hsp70 and Hsp16 are induced by azide exposure. Monoclonal antibodies against Hsp90, Hsp70, and Hsp60 were used to assay for the induction of these heat shock proteins. Western blot analysis did not reveal any significant induction of Hsp90 or Hsp60, whereas Hsp70 did show induction on both the Laemmli gel and the Western blot. Each blot represents a separate assay and was done using 7.5% Laemmli gels. A 12.5% Laemmli gel used for Western blotting with a polyclonal ␣-Hsp16 antibody demonstrated that Hsp16 is induced by exposure to 33ЊC or 10 mM sodium azide. Control N2s did not exhibit any significant level of Hsp16 expression, whereas both the 33ЊC and 10 mM sodium azide-treated animals did show induction of Hsp16. Because of the extremely low levels of Hsp16 in control animals, quantitative densitometry was difficult. Nevertheless, consistent with the results for Hsp70, the 33ЊC treatment caused a significantly greater induction of Hsp16 as compared with the 10 mM sodium azide-treated animals. (C) The time course for Hsp16 induction in the 10 mM sodium azide-treated animals indicates that it takes 3-4 hours after exposure to the azide before Hsp16 can be detected. For all gels, experimental animals were harvested by the sucrose flotation method. Pelleted animals were resuspended in 95ЊC Laemmli gel sample buffer for 10 minutes. Mini slab gels (Idea Scientific, Corvallis, OR, USA) were used, and these whole-animal homogenates were observed with Coomassie Brilliant Blue G-250. For the Western blots, a first gel was run to standardize total cellular actin levels in each sample. A second gel was run and the proteins transferred using a Mini-Genie Electroblotter (Idea Scientific) and Immobilon polyvinylidene fluoride transfer membranes (Millipore, Bedford, MA, USA). Amido black staining of duplicate loadings verified equivalent amounts of actin in each lane. Standard Western blotting techniques were then used. Blots were incubated separately with monoclonal antibodies directed against Hsp90, Hsp70, and Hsp60 (StressGen, San Diego, CA, USA, catalog nos SPA-830, SPA-810, and SPA-807, respectively) and a polyclonal rabbit ␣-Hsp16 antibody (Hockertz et al 1991) . The appropriate alkaline phosphatase conjugate (␣-mouse IgG [Sigma] for Hsp90, Hsp70, Hsp60 and ␣-rabbit IgG [Sigma] for Hsp16) was used for the secondary antibody that were preabsorbed with a nematode acetone powder. Colorimetric detection was performed with SIGMA FAST BCIP/NBT tablets. All images were obtained using a Photoshop-driven Arcus II scanner (Agfa). A calibrated gray scale tablet (Eastman Kodak, Rochester, NY, USA) was scanned with the gels or Western blots for calibration of the digitized image. Densitometric profiles were obtained using MacIntosh computers and NIH Image, v1.49. ed DR77. As such, in this particular mutant, there is already a significant level of intrinsic thermotolerance that can be slightly enhanced by azide exposure.
Finally, DR1564 (daf-2, encoding an insulin or insulinlike growth factor receptor [Gottlieb and Ruvkun 1994; Kimura et al 1997] ) also demonstrated an intrinsic thermotolerance to elevated temperatures when grown at the restrictive temperature (P Ͻ 0.01 when compared with N2 controls). Interestingly, when exposed to sodium azide, these animals demonstrated reduced thermotolerance when compared with the animals exposed directly to 37ЊC. 3. JT6130 (daf-21 , a Hsp90 mutant) shows a slight intrinsic thermotolerance when grown at the restrictive temperature. This constitutive dauer-forming mutant when exposed to 10 mM sodium azide does acquire additional thermotolerance. This argues against a critical role for Hsp90 in the animal's stress response to sodium azide. JT6130 (daf-21) was obtained from Dr James Thomas at the University of Washington. Data are presented as mean survival probability Ϯ SEM. The results indicate that the response to stress is unique to each daf mutant. The data demonstrate that both DR77 and DR1564 have an intrinsic thermotolerance, whereas DR62 has a response that more closely approximates the wild-type response to hyperthermia with or without pretreatment. Dauers were initially grown at the permissive temperature of 16ЊC and then shifted to the restrictive temperature of 25ЊC at least 1 week before the experiment. Mutants were tested as described for the N2 strain (see the legend for Figure 1 for experimental details), with the following modification: sodium azide exposure was lengthened to 2 hours because it took considerably longer for them to respond to azide. A minimum of 3 trials were performed, with the total number of animals examined for each strain ranging between 600 and 1000. a n ϭ 3 trials (200-300 animals/trial). b n ϭ 4 trials (200-300 animals/trial).
Therefore, for the 3 additional daf mutants we tested, their response to direct exposure to 37ЊC, and the ability to acquire azide-induced thermotolerance was unique to each mutant. This suggests that it is not the dauer state alone that is responsible for the results we observed with daf-21.
DISCUSSION
The acquisition of thermotolerance is defined as the ability of an organism to survive an otherwise lethal exposure to elevated temperatures by prior exposure to a slightly elevated temperature. The results reported in this study indicate that under our conditions, the classic acquisition of the thermotolerant state can be demonstrated in C elegans. In addition, we demonstrate that exposure of C elegans to low levels of the metabolic inhibitor sodium azide induces thermotolerance as evidenced by increased survival after exposure to 37ЊC. Several concentrations of sodium azide were tested, and it was determined that 10 mM (its concentration as an anesthetic) was the optimal concentration for inducing thermotolerance.
The results also indicate that the acquisition of thermotolerance is associated with the induction of Hsp70 and Hsp16. Unlike the multigene Hsp70 family, where there are both constitutive and inducible Hsp70s, Hsp16 must be stress induced (Russnak and Candido 1985) . The reduced levels of azide-induced Hsp expression when compared with the thermally pretreated controls is not surprising, given the necessity of ATP for transcription and the expectation that exposure to sodium azide may well reduce ATP content in the animal.
A review of the literature suggests that the response to azide exposure must be considered for each individual organism examined. Cochrane et al (1991) reported that in the rotifer Brachionus plicatilis, exposure to azide does not induce synthesis of a heat-inducible mitochondrial Hsp. Boutibonnes et al (1995) , however, reported that azide could induce transient thermotolerance in the bacteria Lactococcus lactis subsp. lactis; although, Western blot analysis did not reveal Hsp induction.
Given the important biological functions of the stress proteins, it is not surprising that mutant screens failed to isolate stress protein mutants, and it seems highly likely that mutations in these genes would result in a lethal phenotype. The JT6130 (daf-21) strain is a Hsp90 mutant and is the only nonembryonic lethal Hsp mutant strain isolated to date. Dalley and Golomb (1992) and Cherkasova et al (2000) reported that N2 induced to form dauer larvae are enriched for Hsp90 messenger ribonucleic acid, which suggests that Hsp90 can be induced under certain conditions. In our experiments, however, repeated Western blot analysis using a commercially prepared ␣-Hsp90 monoclonal antibody failed to demonstrate induction of Hsp90 in our azide-exposed N2s. Furthermore, our thermotolerance assays with a mutated Hsp90-which is enough to induce constitutive dauer formation-are not enough to prevent the acquisition of azide-induced thermotolerance and suggest that Hsp90 is not an essential part of the response of C elegans to azide exposure.
The data from studies on other dauer mutants demonstrate that the Hsp90 mutant data did not result from the dauer state alone. The data indicate that the response to azide exposure is unique for each dauer mutant tested and can vary considerably, suggesting that it is not simply the dauer state itself that brings about these results. Two of the dauer mutants that we tested (DR77 and DR1564) demonstrated a clear intrinsic thermotolerance, which is consistent with previously reported results (Lithgow et al 1995; Gems et al 1998) .
When considering the possible explanations for the sodium azide results reported in this study, it is interesting to consider that plant cells contain a cyanide-resistant alternative oxidase. Activation of this enzyme results in increased heat production within the plant cell (Sluse and Jarmuszkiewicz 2000) . Although no equivalent gene has been identified in C elegans, it may be that sodium azide exposure also results in a slight hyperthermic state being produced.
Given the fairly severe constraints put on energy production by sodium azide, it is remarkable that a multicellular organism could survive prolonged exposure to this metabolic inhibitor at such a high concentration. Our results demonstrate that exposure to sodium azide does induce physiological changes within C elegans, including the induction of 2 stress proteins and the acquisition of thermotolerance. As sodium azide continues to be the anesthetic of choice for this organism, it is important to note that its use is not without immediate physiological consequences for the animal.
